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Abstract Next generation sequencing has made it pos-
sible to develop large numbers of molecular markers for
non-model organisms quickly and at relatively low cost.
We identified and tested 155 potential new transcriptome-
derived microsatellite markers for the Atlantic herring
(Clupea harengus) using 454-sequencing. By testing the
markers in five individuals from each of eight populations,
we found that 61 of these markers are potentially useful.
Further tests in 25 individuals from each of three popula-
tions indicate that 50 of these markers are polymorphic,
highly reliable for scoring and show no indication of
consistent heterozygote deficiency or linkage disequilib-
rium. Transcriptome-based microsatellite markers may
prove particularly useful for studies of adaptation and
population differentiation in species such as herring which
live in highly variable habitats.
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Microsatellite markers are used extensively within molec-
ular ecology and conservation genetics, as well as in stock
assignment and assessments of genetic diversity for com-
mercial fish (e.g. Hansen et al. 2001a, b; Perez-Enriquez
et al. 1999). One of the most commercially important
species in the North Sea and Baltic Sea is the Atlantic
herring (Clupea harengus; ICES 2011). However,
remarkably few genetic resources have been developed for
this species—there are currently nine Atlantic herring
(McPherson et al. 2001), and 14 Pacific herring Clupea
pallasii (Olsen et al. 2002) microsatellite markers. In this
study, we used next generation sequencing to develop
transcriptome-derived microsatellite markers for the
Atlantic herring.
Two herring (one of German and one of Finnish origin)
were obtained from a public aquarium (Sea Life Helsinki),
and euthanized with MS222. Total RNA from 30 mg of gill
tissue was extracted using the RNeasy Minikit (Qiagen,
Finland); the resulting concentrations were 371.3 and
332.6 ng/ll. cDNA was synthesized using the SuperScript
Double-Stranded cDNA Synthesis Kit (Invitrogen). The
concentrations were equalised, the samples were barcoded
and pooled, and sequenced on half a plate using a GS FLX
machine (454 Life sciences/Roche) by the University of
Helsinki sequencing service. Barcodes and poly-A tails
were removed from the data, and the sequences (416,521
reads, mean length 283.7 base pairs) were assembled using
MIRA 3.2.1 (Chevreux et al. 2004). This assembly
(unpadded, 33,701 contigs, mean length 315.8 bp, max
length = 5,284 bp) was used with QDD (Megle´cz et al.
2010) for the identification of microsatellites and primers.
In total, 266 simple markers and 75 compound markers
with primer binding sites and C5 repeat units were iden-
tified. Of these, 155 simple markers were chosen for testing
based on either having (1) C6 repeat units of a motif of any
size, or (2) five repeat units of motifs between three and six
base pairs long.
The 155 markers were first tested on eight individuals,
consisting of two individuals from each of four populations
(SIM: Finland, 65370N, 24520E; P: Estonia, 59030N,
22280E; RUG: Germany, 54340N, 13270E; SPA: Swe-
den, 5950N, 11140E). Total DNA was extracted using a
silica-based method (Ivanova et al. 2006). Primers were
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labelled with FAM, HEX, or TET (DNA Technology A/S,
Denmark), and 10 ll PCRs were performed using 2 pmol
of each primer, 19 Phusion Flash High-Fidelity PCR
Master Mix (Finnzymes) and *2 ng of DNA. The cycling
profile was: 98C for 1 min, followed by 34 cycles of 98C
for 1 s, 58C for 12 s, 72C for 20 s, and a final extension
at 72C for 1 min. The PCR products were analysed using
a MegaBace 1,000 capillary sequencer and Fragment
Profiler 1.2 software (GE Healthcare, Life Sciences).
Markers that did not amplify, could not be scored, or did
not show C2 alleles were removed from the marker set (94
loci removed). The reduced marker set (61 loci, Table 1)
was then amplified in 40 individuals, comprising of eight
individuals from five populations (four populations as
above and FVI: Finland 60300N, 27450E). Three of these
markers had very low polymorphism (i.e. close to fixation
of a single allele across populations), and three other
markers showed problems with scoring (i.e. single base
pair changes or non-specific binding). These six markers
with problems were discarded, and the remaining 55
markers were tested with 25 individuals from each of three
populations (P, RUG, SIM), to test for Hardy–Weinberg
Equilibrium (HWE) and linkage disequilibrium (LD) using
GenePop on the Web (Raymond and Rousset 1995). Four
of these markers were not possible to score reliably and so
were removed at this stage, leaving 51 markers. Tests for
HWE identified eight loci with heterozygote deficiency in
at least one population, however only one locus showed
consistent problems across all three populations (Her28,
Table 1). Tests for LD showed no locus pairs with signif-
icant LD in more than one population. The final count for
highly reliable markers was 50.
As the newly developed markers are within transcribed
genes, they may not follow neutral expectations, though
few deviations were observed in this study. However,
because of their linkage to transcribed genes, they may be
particularly useful for looking at population differentiation
related to local adaptation. This application is potentially
important for identifying population units for fisheries
management, and later for stock assignments. Comparisons
between similar studies (e.g. Csencsics et al. 2010;
Mikheyev et al. 2010; Nair et al. 2011) are difficult because
genomes of different taxa vary substantially in size and
microsatellite composition, and also because many publi-
cations do not specify their criteria for determining a
potential marker. However, it is clear that the technique of
mining small 454 sequencing runs for microsatellites is
highly effective.
Acknowledgments Thanks to Erkki Jokikokko, Anti Vasema¨gi,
Mike Luner, Carl Andre´, Eric Hoffmann, Anna-Karin Ring, Timo
Ja¨a¨skela¨inen, Teija Aho and Jukka Po¨nni for help in providing the
samples. Thanks also to Marika Karjalainen for lab work for the 454
sequencing run, and to Sea Life Helsinki for providing the herring for
the initial cDNA preparation. Fish used in this study were not sub-
jected to any experimental procedures, and were dispatched using
approved methods according to Annex 3 of the Decree of the Ministry
of Agriculture and Forestry (Finland). This project was funded by the
Academy of Finland (grant no. 138043 to AGFT, and grant nos.
129662 and 134728 to JM) and from the European Community’s
Seventh Framework Programme (FP/2007-2013) under grant agree-
ment n 217246 made with the joint Baltic Sea research and devel-
opment programme BONUS (grant to JM).
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
References
Chevreux B, Pfisterer T, Drescher B, Driesel AJ, Mu¨ller WEG,
Wetter T, Suhai S (2004) Using the miraEST assembler for
reliable and automated mRNA transcript assembly and SNP
detection in sequenced ESTs. Genome Res 14:1147–1159
Csencsics D, Brodbeck S, Holderegger R (2010) Cost-effective,
species-specific microsatellite development for the endangered
dwarf bulrush (Typha minima) using next-generation sequencing
technology. J Hered 101:789–793
Hansen MM, Kenchington E, Nielsen EE (2001a) Assigning
individual fish to populations using microsatellite DNA markers.
Fish Fish 2:93–112
Hansen MM, Ruzzante DE, Nielsen EE, Mensberg KLD (2001b)
Brown trout (Salmo trutta) stocking impact assessment using
microsatellite DNA markers. Ecol Appl 11:148–160
ICES—International Council for the Exploration of the Sea (2011)
http://www.ices.dk/marineworld/fishmap/ices/default.asp?id=
Herring. Accessed 03 Feb 2011
Ivanova NV, Dewaard JR, Hebert PDN (2006) An inexpensive,
automation-friendly protocol for recovering high-quality DNA.
Mol Ecol Notes 6:998–1002
McPherson AA, O’Reilly PT, McParland TL, Jones MW, Bentzen P
(2001) Isolation of nine novel tetranucleotide microsatellites in
Atlantic herring (Clupea harengus). Mol Ecol Notes 1:1–32
Megle´cz E, Costedoat C, Dubut V, Gilles A, Malausa T, Pech N,
Martin JF (2010) QDD: a user-friendly program to select
microsatellite markers and design primers from large sequencing
projects. Bioinformatics 26:403–404
Mikheyev AS, Vo T, Wee B, Singer MC, Parmesan C (2010) Rapid
microsatellite isolation from a butterfly by De Novo transcrip-
tome sequencing: performance and a comparison with AFLP-
derived distances. PLoS One 5:e11212
Nair A, Kumar KS, George S, Gopalan SV, Li M-H, Leder EH,
Merila¨ J (2011) Sixty-two new microsatellite markers for an
endemic frog Indirana beddomii from the Western Ghats
biodiversity hotspot. Conserv Genet Res 3:167–171
Olsen JB, Lewis CJ, Kretschmer EJ, Wilson SL, Seeb JE (2002)
Characterization of 14 tetranucleotide microsatellite loci derived
from Pacific herring. Mol Ecol Notes 2:101–103
Perez-Enriquez R, Takagi M, Taniguchi N (1999) Genetic variability
and pedigree tracing of a hatchery-reared stock of red sea bream
(Pagrus major) used for stock enhancement, based on microsat-
ellite DNA markers. Aquaculture 173:413–423
Raymond M, Rousset F (1995) GENEPOP (version 1.2): population
genetics software for exact tests and ecumenicism. J Hered
86:248–249
74 Conservation Genet Resour (2012) 4:71–74
123
